One proposed explanation for the VO 2 slow component is that lower threshold motor units may fatigue and develop little or no tension but continue to utilize O 2 , thereby resulting in a dissociation of cellular respiration from force generation. The present study utilized intact isolated single myocytes with differing fatigue resistance profiles to investigate the relationship between fatigue, tension development, and aerobic metabolism. Single Xenopus skeletal muscle myofibers were allocated to a fast-fatiguing (FF) or a slow-fatiguing (SF) group, based on the contraction frequency required to elicit a fall in tension to 60% of peak. Phosphorescence quenching of a porphyrin compound was used to determine Δ intracellular PO 2 (P i O 2 ; a proxy for VO 2 ) and developed isometric tension was monitored to allow calculation of the time-integrated tension (TxT). Although peak ΔP i O 2 was not different between groups (p = 0.36), peak tension was lower (p < 0.05) in SF vs. FF (1.97 ± 0. 17 V vs. 2. 73 ± 0.30 V, respectively) and time to 60% of peak tension was significantly longer in SF vs. FF (242 ± 10 s vs. 203 ± 10 s, respectively). Prior to fatigue, both ΔPiO 2 and TxT rose proportionally with contraction frequency in SF and FF, resulting in ΔPiO 2 /TxT being identical between groups. At fatigue, TxT fell dramatically in both groups, but ΔPiO 2 decreased a proportionate amount only in the FF group, resulting in an increase in ΔPiO 2 /TxT in the SF group relative to the pre-fatigue condition.
INTRODUCTION
The kinetics of the rise in whole body oxygen uptake during exercise (VO 2 kinetics) vary with exercise intensity (3, 7) . During low to moderate intensity exercise, the VO 2 response, whether measured at the muscle or at the mouth, is characterized by a short time delay followed by a monoexponential increase to a steady-state (7, 29, 44) . During more intense exercise VO 2 does not reach a steady-state but instead a second, slower, rise appears and remains until exercise is terminated (the so-called VO 2 slow-component) (4, 7, 20, 30) . The VO 2 slow component has been attributed to a variety of factors and continues to be an area of considerable debate (6, 25, 46) . Amongst the many ideas that have been postulated to account for this phenomenon are changes in muscle recruitment patterns (5, 34, 36, 38) and changes in contractile efficiency (32, 44, 46) . The idea of muscle recruitment patterns and/or muscle efficiency relates to the concept that the VO 2 slow component could arise because of progressive recruitment of less efficient fast twitch fibers or because of persistent aerobic metabolism in fatigued muscle fibers, resulting in a reduced economy of contraction (36, 38, 46) . There are at least two reasons that this may occur: 1) during fatiguing contractions, some active muscle fibers may fatigue to the point where they are producing negligible tension, but still consuming oxygen, resulting in a greater oxygen cost of contractions, or 2) higher threshold motor units are recruited during fatiguing contractions, resulting a greater oxygen cost of contractions due to the higher oxygen cost of force production of fast-twitch fibers (9) . Although a developing inefficiency of contractions remains a popular view in accounting for the VO 2 slow component, the extent to which this involves recruitment of less efficient fibers at higher exercise intensity versus persistent respiration in fatiguing fibers, remains unclear. For example, it was recently shown that neuromuscular blockade of slow twitch muscle fibers in humans increases the oxygen cost of single leg knee extensor exercise (25) , which supports the notion that the VO 2 slow component may be due to recruitment of less efficient fast twitch fibers. On the other hand, it was also observed recently that a slow component was present during electrically stimulated contractions in canine gastrocnemius muscle (46)(54), and since electrical stimulation recruits all fibers simultaneously these results suggest that recruitment of less efficient fibers is not a pre-requisite for the development of a VO 2 slow component. One difficulty in determining the cause(s) of the slow component in whole body exercise or in situ whole muscle preparations is that it is very difficult to account for the physiological responses of different individual muscle fibers or of motor units comprised of distinct fiber types. For instance, does a fatigued fiber contribute significantly to the VO 2 even when producing negligible tension, or is its lack of tension simply replaced by less efficient fibers, or do both of these events occur in concert and contribute to the VO 2 slow component phenomenon? To help address this issue it would be valuable to know if there was a change in efficiency in single fibers of different fiber types as muscle fatigue progressed. Therefore, to address this problem more directly, we studied fast-fatiguing and slowfatiguing Xenopus single isolated myocytes using a measure of intracellular PO 2 (as a surrogate for cellular VO 2 , as done previously; (14, 16, 18, 39) in conjunction with calculations of timeintegrated tension during a contractile protocol eliciting fatigue, to facilitate examination of the relationship between aerobic metabolism and contractile demand at the single cell level. Based upon the view that the VO 2 slow component may be due in part to a dissociation of aerobic metabolism and contractile demand during fatigue (i.e., less efficient tension generation; (33, 35, 38, 46), we hypothesized that slow fatiguing fibers would exhibit less attenuation of aerobic metabolism during fatigue, and that this would be manifest in an elevation of the estimated O 2 cost of tension development.
METHODS
Animal Care. All procedures were approved by the University of California, San Diego institutional animal care and use committee (IACUC) and conform to American Physiological Society and NIH guidelines. Female adult Xenopus laevis were doubly pithed and decapitated and the lumbrical muscles (II-IV) were dissected free from the hind feet. Table 1 shows some of the defining characteristics of the fibers designated as FF or SF. Whereas peak tension was lower in SF fibers, the time at which developed tension fell to 60% of peak was significantly lower in the FF fibers (i.e., they exhibited more rapid fatigue). There was no difference in the PiO 2 under resting (noncontracting) conditions, nor was there a difference in the peak ∆PiO 2 (i.e., greatest fall in PiO 2 from rest to contractions) between FF and SF fibers.
RESULTS

General Characteristics of Fiber Preparations.
Contractile Responses. The tension profile and time-integrated tension profile for each group of fibers are depicted in Figures 1 and 2 , respectively. In both groups of fibers tension development showed little decline until the highest frequency of contractions, but exhibited a precipitous drop thereafter. Time-integrated tension generally increased with increases in contraction frequency until reaching a peak at the first time interval of the highest contraction frequency in both groups of fibers. However, time-integrated tension also exhibited a precipitous fall after reaching this peak as fatigue became severe.
Intracellular PO 2 Responses. The ∆PiO 2 , used as a proxy measure for VO 2 , exhibited a gradual increase with increases in time-integrated tension development until it reached a peak in both groups of fibers, as reflected by a fall in intracellular PO 2 ( Figure 3 ). Beyond this point, however, the responses of the two groups of fibers diverged, with the FF fibers exhibiting a significant reduction in ∆PiO 2 as fatigue became severe, but the SF fibers exhibiting no significant decline despite a similar degree of fatigue as seen in FF fibers. Thus, the plot of the quotient of ∆PiO 2 and time-integrated tension (an estimate of the O 2 cost of tension development) versus contraction intensity shows (Figure 4 ) that after an initial increase (a response that was complete ~midway through the 0.25 Hz contraction intensity) the quotient of ∆PiO 2 and time-integrated tension leveled off and was identical in both groups of fibers until fatigue became severe during the highest contraction intensity within each group. At this point, because of the divergent ∆PiO 2 responses during fatigue in the two groups of fibers, the quotient of ∆PiO 2 and time-integrated tension rose dramatically in the SF fibers (but not FF fibers) such that the final measurement point (330 s) was significantly greater than every point prior to 300 s, with the exception of 180 s where the critical P was 0.001 and the actual P was 0.002 (HolmSidak post-hoc test). This response is consistent with an increase in O 2 cost of tension development when fatigue became severe in the SF fibers.
DISCUSSION
The physiological basis of the VO 2 slow component, a phenomenon which occurs during whole body exercise at intensities exceeding lactate threshold, remains unclear. The two best supported hypotheses involve (a) the recruitment of less efficient fast twitch muscle fibers at higher exercise intensities; and/or (b) persistent aerobic metabolism in fibers that are producing less tension consequent to fatigue in conjunction with recruitment of additional fibers to make up the required tension. In the present experiment, fibers were distinguished by their fatigability profile, either fast or slow. After the first 2 min of stimulation, both groups of fibers maintained a very tight coupling of oxidative metabolism and time-integrated tension until the point of rapid fatigue. At the point of rapid fatigue, those fibers that were more fatigue-resistant (SF) maintained their respiratory rate, despite the decreasing force production, whereas the more fatigable fibers (FF) exhibited a parallel decrease in respiratory rate as tension fell. The implication of our results is that fatigue-resistant fibers show a greater O 2 cost of contractions during fatigue, whereas fast fatigable fibers maintain the O 2 cost of contractions regardless of fatigue. As such, our results show that one factor which could contribute to the VO 2 slow component in vivo is persistent aerobic metabolism in relatively fatigue-resistant muscle fibers as they fatigue, independent of any recruitment of less efficient fast twitch motor units.
Factors Contributing to Increased O 2 Cost of Time-integrated Tension during Fatigue of
Single Myocytes. In general, there is a linear relationship between increasing work output and muscle oxygen uptake. Across the range from rest to sub-lactate threshold exercise intensities, this relationship generally holds whether measured during whole body exercise (2), the level of the whole muscle (21, 24, 42) or even at the single myocyte level (18) . Indeed, data from the current study shows that after the initial 2 min, when the kinetics of the VO 2 response are likely contributing to the gradual increase seen, there was a remarkably constant quotient of ΔPiO 2 and time-integrated tension from 0.25 Hz to 0.5 Hz (a doubling in contraction frequency), showing that respiration was well matched to contractile demand at the single cell level during this interval. However, once exercise intensity exceeds the lactate threshold during prolonged (>15 min duration (10)) whole body exercise, there is a disproportionately greater increase in VO 2 for a given increment in work output, manifest as the VO 2 slow component during whole body exercise (3, 4, 30) . Similar to the whole body exercise response, our current data also shows that there is a developing disproportionality between aerobic metabolism and tension production at the single fiber level. Interestingly, this characteristic was unique to SF fibers. As such, these observations suggest that one of the contributing factors to the rise in VO 2 during the slow component may be persistent aerobic metabolism in a sub-population of fibers that are undergoing fatigue.
Previously, we reported a proportional fall in VO 2 and tension development during high intensity fatiguing muscle contractions in electrically stimulated rat distal hindlimb muscles pump-perfused in situ (13) . Since this response occurred after the attainment of VO 2max regardless of whether the contraction intensity was high from the beginning of stimulation (a protocol that induced more rapid fatigue) or whether contraction intensity was incrementally increased (a protocol that delayed fatigue development), we argued that VO 2 fell in these experiments consequent to the contractile demand having fallen below that necessitating maximal activation of aerobic metabolism (13) . Given the high fast twitch fiber proportion in the rat distal hindlimb muscles (1), the current results in FF fibers are consistent with these previous observations and further support the idea that respiration falls during fatigue in fast twitch fibers because of a decreased contractile ATP demand.
It has long been recognized that the direct coupling of respiration and tension development is transduced and modulated through factors such as ADP, Pi and H + . Increased ADP and Pi, which are produced during ATP hydrolysis at muscle cross-bridges and other cellular processes like Ca 2+ pumping, are potent activators of mitochondrial respiration (19, 37 ).
In the current study, as isometric tension and ATP hydrolysis declines with reduced cross-bridge turnover and reduced Ca 2+ pumping during fatigue, this could explain the fall in respiration in FF fibers. On the other hand, the current results in SF fibers show that respiration and tension development become dissociated during fatigue of these fibers. Since recent evidence shows that
Pi stimulates respiration in both fast and slow twitch muscle bundles and isolated mitochondria from fast and slow twitch fibers (37)), the most likely explanation for our results is that the factors driving respiration and tension production can be decoupled in some circumstances and that this is a property of SF fibers in particular. There are likely several important differences between FF and SF fibers that bear consideration in this context.
Firstly, based on our previous observation that fatigability correlates with mitochondrial volume density in the single fibers we typically study (41), one difference between FF and SF fibers is a higher mitochondrial content in SF fibers. Although a greater mitochondrial content increases sensitivity to drivers of respiration, our results seem paradoxical to the expected superior coupling of aerobic metabolism to tension development in SF fibers, suggesting that some aspect of fatigue per se is responsible for the differential responses between FF and SF fibers during fatigue.
In this respect, a second difference between SF and FF fibers we have observed is that the dynamics of pH changes during fatiguing contractions are different between fiber types (43).
Since acidosis can inhibit respiration (12) , and since pH changes in slow twitch muscle are less severe (and perhaps opposing) to those observed in fast twitch muscle (26, 27) , this may allow aerobic metabolism to persist at or near pre-fatigue levels in SF fibers. fatigue is associated with a developing inefficiency of tension production, are consistent with the notion that fatigue of fibers already recruited, and subsequent dissociation of aerobic metabolism and tension output in some of these fibers, may contribute to the VO 2 slow component phenomenon. In this paradigm, we speculate that during whole body exercise above the lactate threshold fatigue of some fibers requires the recruitment of additional fibers to maintain tension output, and it is a disproportionate maintenance of aerobic metabolism relative to declining tension production in some of these fatiguing fibers that produces a gradual upward drift of VO 2 with continued exercise. Although our study can clearly not prove this point, it provides the first cellular-based evidence of developing aerobic inefficiency in fatiguing fibers, which is a valuable observation in seeking a cellular based explanation to the origins of the VO 2 slow component.
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